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The effects of anode temperature on the performance of a 4.5 kW Hall-effect thruster are investigated. The approach separates the location of gas injection from discharge current collection using an anode band, which removes the main mechanism that heats the gas distributor. A thermal model predicts a 270 K reduction of the gas distributor temperature, which corresponds to a 28% increase in the propellant residence time. Collection of the discharge current on the anode band, which is upstream of the bulk Hall current region, generates a 10% increase in ion current density at the thruster centerline for discharge voltages of 100, 125, and 150 V at a xenon mass flow rate of 5 mg∕s. The initial reduction in neutral velocity with the anode band is counteracted by the influence of the channel wall temperature, which increases the neutral velocity of the particles by up to 25% greater than the velocity at the gas distributor exit plane. This reduces the potential thruster efficiency improvement from 5.5 to 2.5%. The selected downstream location of the anode band results in a 6-10% increase in discharge current compared with current collection on the gas distributor. I. Introduction H ALL-EFFECT thruster (HET) research and development has increased significantly in the United States over the past 20 years due to the rapid increase of in-space power, the expansion of global telecommunications, and the realization of commercial and government investment in electric propulsion technology since the early 1960s. HETs represent an effective alternative to chemicalbased rocket propulsion for low-thrust propulsion applications in spacecrafts. The high thrust-to-power (T/P) ratio regime of HET operation is well suited to station keeping and orbit transfers of Earthorbiting satellites. Military and commercial satellite programs will benefit from the large propellant mass fraction offered by this class of electric thruster [1] .
Propellant use is a primary factor in determining thruster performance. Propellant use is the amount of neutral anode flow that is converted into ion flow and is expressed as [2] 
where _ m b is the total ion mass flow rate, _ m a is the anode mass flow rate, m is the mass of the propellant atom, I b is the beam current, Ω i is the current fraction of the ith ion species, and Z i is the charge state of the ith ion species. The anode efficiency of a HET is defined by the following expression [2] :
where η b is the beam current fraction of discharge current, η v is the beam voltage fraction of discharge voltage, and η q is the charge use efficiency and is the measure of the overall charge state of the beam ions. Equation (2) shows how the efficiency of a thruster is proportional to propellant use η p , which will increase with beam current through Eq. (1). Wilbur and Brophy show that a cooled anode improves the propellant use of an ion thruster through an increase in the propellant residence time compared with an uncooled anode [3] . This led to the reverse injection technique used in state of the art gridded ion engines. Kieckhafer et al. used a shim anode in the HET, which allows for splitting of the discharge current between the gas distributor and an auxiliary anode [4] . They show that an increase in the shim anode current decreases the anode temperature, which causes an increase in the beam current. The authors speculate that the increase in beam current is due to increased propellant use, which may be a direct consequence of increased residence time.
Experiments have shown that an actively cooled HET anode will increase the ionization fraction through increased propellant residence time [5] . Several methods to improve propellant use have been suggested in the past, such as changes to the anode orifice size and spacing, propellant injection through the discharge channel walls, and variable discharge channel geometry [6] [7] [8] [9] . This work aims to increase the propellant use by a reduction in the temperature of the neutral propellant as it enters the discharge chamber. Various effects that may cause the neutral particle temperature to differ from the gas distributor front face temperature inside the discharge channel are also examined. Section II presents the theory for the increase of the propellant residence time in HETs. Section III presents the thermal model used to determine the necessary changes to a HET in order to reduce the gas distributor temperature. Section IV presents the experimental setup. Section V presents the measured thruster temperature characteristics, performance, and plume properties for the conditions tested. Finally Sec. VI discusses the results and implications.
II. Theory
Power deposition to the anode is a prominent loss mechanism for HETs, and its severity will impact the anode temperature, which in turn affects neutral flow properties. To reduce the temperature of neutral propellant atoms from the gas distributor, which also serves as the anode in conventional HETs, a reduction in the thermal energy acquired by the neutral particles is needed. In continuum flow, a reduction in the propellant temperature upstream of the anode/gas distributor structure has little effect. The particles accommodate quickly to the gas distributor/anode structure temperature due to the large number of wall collisions inside the gas distributor. The work contained herein seeks to decrease the heat flux to the gas distributor from the plasma electrons through the separation of the gas distributor from the anode. This will reduce the gas distributor temperature, which will in turn decrease the neutral flow temperature. A reduction in the neutral flow temperature will reduce the axial velocity of the neutral particles and increase propellant residence time. This increase in residence time then leads to an increase in the probability of electron-neutral ionization collisions, which results in a rise in the ionization fraction.
To contribute to the thrust, a neutral propellant atom must be ionized and accelerated before it is permitted to escape the discharge chamber. The ratio of the characteristic residence time in the discharge channel (τ r ) to the characteristic ionization time (τ i ) is used to quantify the effect of neutral velocity on ion production. The characteristic residence time is taken to be proportional to channel length L ch divided by the neutral velocity, τ r L ch ∕V n , where V n is the neutral atom velocity defined as the mean velocity for an assumed Maxwellian distribution given by
where T n is the temperature of the neutral particles, k B is Boltzmann's constant, and m is the atomic mass of the particle. Figure 1 shows the relationship of the mean neutral velocity and the characteristic resistance time with anode temperature, which is assumed to equal the temperature of the neutral particles. Without knowledge of the actual ionization zone length, the characteristic resistance time is taken to be proportional to the discharge channel length. The range of anode/gas distributor temperatures on the downstream face plotted in Fig. 1 is consistent with values measured with direct-contact thermocouples in the NASA-173Mv2 HET operating at a power of 5.5 kW, the NASA-457M HET at 50 kW, the SPT-100 HET at 1.35 kW, and the SPT-140 HET from 1.7 to 6.8 kW [6] [7] [8] [9] . For the experiments in this paper, the thermocouples are attached to the backside of the gas distributor (the rear of the gas distributor), and a thermal model is used to determine the temperature of the downstream face. The mean collision time for an electron-neutral collision between electrons and neutrals is
where n e is the electron number density, V e is the electron velocity, and σ en is the ionization electron-neutral cross section. The brackets represent an average over an assumed Maxwellian velocity distribution. To maximize propellant use for a given thruster design, the characteristic neutral residence time must be much larger than the ionization time (τ r ≫ τ i ). The ratio of neutral residence time to characteristic ionization time of a neutral physically represents the average number of collisions that result in ionization experienced by a propellant atom before it diffuses out of a discharge chamber of length L ch . Equation (5) shows this relation:
For fixed channel geometry, channel material, discharge voltage, and anode mass flow rate, the only free parameter that remains in Eq. (5) is the neutral velocity. Figure 2 shows how the characteristic residence time to ionization time ratio varies as a function of anode temperature using Eq. (5). A reduction in the anode temperature, thus the propellant temperature, at a given operating condition is expected to lead to a direct increase in the propellant use. However, as the anode temperature falls below the channel base temperature, it will be the temperature of the wall immediately adjacent to the gas distributor that heats the neutrals predominantly through the mechanism of neutral-wall collisions. This effect will also be studied. The work presented here focuses on follow-on efforts from previous work conducted by Book and Walker that uses an actively cooled anode to increase the neutral residence time [5] . Experiments with an actively cooled anode showed a 56% increase in the T∕P ratio at 100 V and a reduction in the T∕P ratio as voltage is increased compared with the standard anode design. At 100 V, ion current density measurements reveal an increase in ion production due to the cooled anode. However, the significant power consumption and mass of a forced convection cooling system renders a cooled-anode HET impractical for space applications. Therefore, in addition to a more thorough diagnostic investigation into the physics that govern the relationship between anode temperature and ionization fraction, a passive mechanism is implemented in this work to achieve a significant reduction in the neutral particle velocities.
III. Thermal Modeling
A thermal model of the Pratt and Whitney Rocketdyne T-140 HET [10] was developed to study the power deposition distribution on the gas distributor and analyze the impact of the separation of the current collection site from the propellant injection site. A review of thermal models developed for HETs [11, 12] and experiments on the electron current fraction of state of the art HETs [13] allows estimation of the heat flux on a HET gas distributor during normal operation. For the thermal model, it is assumed that a T-140 HET at 5 kW of discharge power will deposit 1 kW of power to the anode based on estimated inputs reported in the literature for similar HET sizes and power levels [11, 12] . The design of the T-140 anode band configuration is a culmination of several models and simulations. All thermal simulations were performed in COMSOL Multiphysics version 4.3 using the heat transfer module [14] . COMSOL was used in the actively cooled anode tests with experimentally verified results [5] .
To establish a thermal distribution baseline of the unmodified T-140 HET, the initial simulations evaluate the gas distributor temperature characteristics of a T-140 anode exposed to a 1 kW heat flux. The heat flux is modeled as a boundary condition on the anode face directly exposed to the plasma. Radiative and conductive heat loss to the surroundings is permitted, and the material properties are set to be consistent with the 316 stainless steel material of the anode. The thermal contact resistance or its inverse, the interfacial conductance, is estimated for each material interface in the thruster and applied to a thin artificial layer at the boundary between adjacent materials. The model results show that the downstream face of the gas distributor/anode is approximately 225 K hotter than the upstream portion of the gas distributor body, which is a result of the low thermal conductivity of stainless steel. The simulated temperature at the gas distributor exit plane is 1240 K, which is consistent with that of a similar thruster, the NASA-173M [6] . This initial thermal simulation provides a reference temperature for injected propellant for the T-140 thruster at the 5 kW power level. Figure 3 shows a sketch of the modified thruster with the inconel anode band embedded upstream of the outer channel wall exit plane. Inconel 625 is chosen as the anode band material due to its strength over a wide temperature range. The anode band is located 12.7 mm upstream of the discharge channel exit plane. This is based on the optimum location for maximum temperature reduction and minimum interference with the Hall current region. Results from the published literature indicate that the bulk of the Hall current region is located just upstream of the peak magnetic field location and quickly decreases and flattens out axially within 15 mm of that region [15] . Although the magnetic field at the band surface is 50 G, the anode band is located in a region that corresponds to at most 15% of the peak Hall current. This location avoids interference with the bulk of the Hall current, which has been shown to have negative impact on thruster performance [16] . Furthermore, the anode band location does not affect the thruster magnetic circuit. A groove is machined into the outer BN wall, so that the inconel band sits flush with the outer wall and is large enough to account for thermal expansion. Table 1 shows the thermal model inputs. Figure 4 shows the result of the thermal model when the discharge current is collected on the anode band embedded in the outer channel. COMSOL simulation results are used to estimate the average temperature at the front (exit plane) of the gas distributor for the power levels tested. The simulations predict that the effect of separating the anode from the propellant distribution site is a reduction of the gas distributor face temperature of approximately 270 K. Based on Eq. (3), the temperature reduction represents a decrease in the neutral velocity of approximately 22% and an increase in the residence time of approximately 28% compared with when the gas distributor collects the discharge current. Fig. 4 Simulated temperature profile of the T-140 thruster BN discharge channel and gas distributor with the discharge current collected on the anode band.
IV. Experimental Setup A. Vacuum Facility
All experiments are performed in the Vacuum Test Facility 2 (VTF-2) at the Georgia Institute of Technology High-Power Electric Propulsion Laboratory (HPEPL), which is shown in Fig. 5 . VTF-2 is 9.2 m long and 4.9 m in diameter. It is pumped to rough vacuum with one 3800 cubic feet per minute (CFM) blower and one 495 CFM rotary-vane pump. Ten liquid nitrogen cooled CVI TM-1200i reentrant cryopumps with a combined pumping speed of 350; 000 l∕s on xenon bring the chamber to a base pressure of 1.9 × 10 −9 torr. A Stirling Cryogenics SPC-8 RL special closedlooped nitrogen liquefaction system supplies liquid nitrogen to the cryopump shrouds. Two ionization gauges, Varian 571 and UHV-24, are mounted on either side of the chamber. Typical accuracy for ionization gauges is approximately 20% according to Varian [17] .
High-purity (99.9995% pure) xenon propellant is supplied to the HET from compressed gas bottles through stainless steel feedlines. MKS 1179JA mass flow controllers meter the anode and cathode propellant flow. The mass flow controllers have an accuracy of 1% full scale. The flow controllers are calibrated before each experiment with a custom fixed-volume apparatus that measures gas pressure and temperature as a function of time taking into account the effects of xenon compressibility. Pressure measurements are corrected for xenon using the known base pressure of air and a correction factor of 2.87 for xenon according to the following equation [18] :
where P c is the corrected pressure on xenon, P b is the base pressure, and P i is the indicated pressure when xenon is flowing into the vacuum chamber.
B. Thrust Stand
Thrust is measured with a null-type inverted pendulum thrust stand on the inverted pendulum design developed by the NASA Glenn Research Center [19] . The null-type stand holds the thruster at constant position with use of proportional integral derivativecontrolled solenoid coils that move a center magnetic rod. Thrust is correlated to the amount of current on the null coil required to hold the thrust stand at zero. Thrust stand calibration is performed by loading a set of known weights. The resultant linear curve of null-coil current versus weight is used as the conversion for thrust measurements. A copper shroud surrounds the stand. Coolant flow through the shroud and thrust stand structure is used to keep the thrust stand and shroud at a constant temperature. Further details of the thrust stand and its operation can be found in [20] . Between each thrust measurement, the thruster is turned off to record a zero thrust point. Thrust stand calibrations are conducted before and after each series of test data to maximize measurement accuracy. In addition, calibrations are also done if the zero point varied by more than 3 mN between measurements. The uncertainty in the thrust measurement is 1.4 mN.
C. Hall Thruster
All experiments are performed on the Pratt and Whitney Rocketdyne T-140 laboratory-model HET. The T-140 has an outer diameter of 143 mm, with a nominal thrust of 200 mN at a nominal power rating of 3.4 kW [10] . The discharge channel of the T-140 is made of M26 grade boron nitride. The thruster performance matches the original T-140 thruster at multiple points within 3% of published results. In this work, the thruster was tested in two configurations: in the gas distributor configuration, the discharge power supply is connected to the gas distributor, and in the anode band configuration the discharge power supply is connected to the anode band. With the use of the anode band, the gas distributor electrical connection is removed from the power supply and the anode band is connected. Figure 6 shows a simplified HET electrical schematic for both configurations. Electrical connections enter the chamber through separate feedthrough ports. The thruster discharge power supply is protected by an resistor-capacitor filter consisting of a 1.3Ω resistor in series and a 95 μF capacitor in parallel. The filter acts as a low-pass filter preventing oscillations in the current over 1.4 kHz from reaching the discharge supply.
A LaB 6 cathode, similar in design to ones used in previous HET testing [21] , is located at the 12 o'clock position. The cathode orifice is located approximately 70 mm downstream from the outer front pole piece. The cathode flow is fixed at 10% of the anode flow. For all of the experiments, the thruster was operated for 2-3 h after initial exposure to vacuum conditions to allow for outgassing of the discharge chamber walls. If not exposed to the atmosphere, it is operated for 1-2 h at the beginning of the day to allow for thermal equilibrium of the thruster and thrust stand, albeit at different temperatures, before measurements are taken.
Type-K thermocouples are placed on the rear of the gas distributor to measure the anode temperature variation during testing. Thermocouple measurement uncertainty is 1.1°C. Two thermocouples are attached to the gas distributor using a combination of ceramic paste (Aremco Products Ceramabond 571) and fiber glass tape. The thermocouples are then covered in a fiber glass sleeve as they exit the thruster. Each thermocouple is electrically isolated with an Omega DRF-TCK voltage-isolating signal conditioner positioned outside VTF-2. The signal conditioners are calibrated using a thermocouple simulator.
D. Faraday Probe
A Faraday probe is used to measure the ion current density profile of the thruster plume. Figure 7 shows an electrical schematic of the Faraday probe used in this work, which is based on a Jet Propulsion Laboratory design [22] . The probe consists of a tungsten-coated stainless steel collection electrode with a stainless steel guard ring surrounding it. The collector disk is 2.31 cm in diameter. The guard ring and collector are biased −30 V below facility ground to repel electrons. Biasing the guard ring and collector to the same potential minimizes edge effects around the collector by creating a flat uniform sheath such that the effective collection area is equivalent to the geometric area of the collection electrode. Measurements show that this voltage is sufficient for the collector to enter ion saturation without substantial sheath growth [22] . A 1.417 kΩ 0.5% resistor is placed in series with the collector line, and the voltage across the resistor is read by an Agilent 24980A data acquisition unit. The probe current is measured to an accuracy of 0.004% with the resistor. The ion current density is calculated by dividing the current by the collector surface area and has an accuracy of 0.5%. The distance from the thruster exit plane to the face of the probe is 1.000 0.005 m, with the axis of rotation located on the thruster centerline. Azimuthal sweeps were performed from −90 to 90 deg in 1 deg increments with respect to the thruster centerline (as illustrated in Fig. 5 ). The angular rotation has an uncertainty of 0.5 deg.
Measurements were taken at an 80 Hz sample rate for 1 s at each position and averaged at each angular position to produce the recorded current density at that location.
E. Retarding Potential Analyzer
The ion energy distribution function is measured with a retarding potential analyzer (RPA) that measures the voltage, relative to facility ground, needed to repel a fraction of the ion population. From this information, the ion energy distribution can be determined [23, 24] . The probe acts as a high-pass filter by allowing only ions with voltages, that is, energy-to-charge ratios, greater than the grid voltage to pass and reach a collection electrode. Figure 8 shows an electrical schematic of the probe. RPA primary ion energy peak V mp is corrected by subtracting the plasma potential measurement obtained from an emissive probe (V p ) to calculate true ion potential V true . A loss voltage is computed as the sum of the cathode-to-ground voltage and the plasma potential: V loss jV cg j jV p j. Figure 9 shows a potential diagram that illustrates the correlation between measured values with the true ion potential. The voltage use efficiency is a measure of the amount of the discharge voltage (potential energy) that is converted into axial ion kinetic energy. This is mathematically defined as the ratio of the acceleration voltage to the discharge voltage, η v V true ∕V d . The data analysis follows the procedure outlined by Hofer and Gallimore [23] . The face of the probe inlet was aligned parallel to the thruster exit plane within an accuracy of 0.5 deg. The distance from the thruster exit plane to the probe inlet is 1.000 0.005 m. At each ion repulsion grid potential setting, three measurements are taken and averaged. A fourth-order Savitzky-Golay smoothing filter is applied to the raw data before taking the derivative.
F. Floating Emissive Probe
The potentials used to measure the ion energy distribution function obtained from the RPA probe are measured with respect to ground, but the ion energies are determined with respect to the plasma potential. Emissive probes are used to measure the plasma potential to correct the RPA measurements. The probe consists of an exposed electron emissive filament loop, the ends of which are enclosed in a ceramic insulator. A power supply provides current and heats the filament to the point of thermionic emission of electrons. When exposed to the plasma, any probe naturally floats from ground to the floating potential. At the floating potential, a sheath forms around the probe and there is no net current to the probe. This is due to the negative plasma electron current balanced by the positive plasma ion current and secondary electron emission. However, because the emissive probe emits its own electrons, the probe becomes more positive, which in turn draws in more plasma electrons. This process continues until the probe potential reaches the plasma potential. The emitted electron flux that escapes into the plasma decreases as the probe potential increases due to a reduction in the potential hill between the probe and plasma, until the probe reaches the plasma potential or slightly above, at which point emitted electrons return to the probe. The measured probe current plateaus at this point and the probe floats at the plasma potential.
Plasma potential V p measurements taken with the emissive probe were used to correct the RPA data so that the true ion energy distribution can be computed, i.e., V true V RPA − V p . This corrects for artificially high ion energies due to the aforementioned ground/ plasma potential referencing. The emissive probe used in this work consists of a 0.127-mm-diam thoriated-tungsten filament housed in a double-bored alumina tube based on ones used by Haas [21] . The filament loop has a radius of 1.5 mm. Figure 10 shows a schematic of the probe. The voltage difference between the probe and ground is taken at the same time as the RPA measurements. The potential measurements contain an estimated uncertainty of 8%. The distance from the thruster exit plane to the filament is 1.000 0.005 m. It is positioned 3 deg off the thruster centerline with an uncertainty of 0.5 deg. The floating emissive probe circuit consists of the emissive probe, an isolation amplifier, and a floating power supply capable of supplying enough current (2-3 A) to heat the filament. 
V. Experimental Results
Several experiments are conducted to explore the physics of propellant residence time and the effects of anode temperature in the T-140 HET. Figure 11 shows a photograph of the modified T-140 HET with the anode band. Thermal, thrust, and plume measurements of the thruster are conducted at a xenon mass flow rate of 5 mg∕s at discharge voltages of 100, 125, and 150 V. The magnetic field is optimized for minimum discharge current for each operating point taken with and without the use of the anode band. No visual change in the thruster plume was noticed due to the separation of the gas distributor and the anode. An additional operating point at 250 V, 8.41 mg∕s was tested to allow comparison with published data showing performance matching within 3%. [10] . All differences between the performance of the new T-140 HET and the original thruster, which are with 1% in thrust, 3% in efficiency, and 2% in the T∕P ratio, are attributed to manufacturing tolerance and facility effects such as backpressure, choice of cathode, and instrument uncertainties.
A. Thermal Characteristics
Experimental verification of the predicted temperature reduction in the gas distributor was obtained with the use of the anode band. Figure 12 shows the comparison between the rear side gas distributor temperatures with and without the use of the anode band mass flow rate of 5 mg∕s. The higher temperatures at 100 and 125 V with and without the use of the anode band, relative to the value at 150 V, are likely due to thruster discharge current instabilities at these low voltages. The thruster plume visually shows occasional flickering, indicating instability in the thruster at these conditions, despite optimization of the magnetic field. The rear side gas distributor temperature measurements agree with the predictions of the thermal model at the same physical location. The difference between the rear side gas distributor temperature with and without the use of the anode band corresponds to a 270 K drop in temperature on the front face of the gas distributor.
B. Thruster Performance
Thruster performance measurements are taken to investigate propellant residence time impact on thrust, efficiency, and discharge current. With the mass flow rate set to 5 mg∕s, the voltage was varied from 100 to 150 V. The thruster was first tested with the discharge current collected by the gas distributor. The gas distributor collects the full current, whereas the anode band is completely disconnected from the power supply, i.e., electrically floating. In this way, the anode band floats at the local plasma potential. Raitses et al. showed the plasma potential shifts upstream with the presence of floating graphite electrodes [16] . In addition, the placement of the anode band upstream of the magnetic field ensures that it is not exposed to high electron temperature. This makes the difference in secondary electron emission between the inconel and boron nitride channel less important. The magnetic field is optimized for each data point for minimum discharge current.
When the discharge current is collected by the embedded anode band (the anode band configuration), the gas distributor electrical connection is removed, i.e., the gas distributor is floating, and it is connected to the anode band (as shown in Fig. 6b) . Therefore, the gas distributor is allowed to float to the local floating potential of the plasma and has an insignificant effect on the potential inside the thruster channel. At the floating potential, a sheath forms over the gas distributor and there is no net current to the gas distributor. Data were collected at 5.1 mg∕s at 100, 125, and 150 V, and the magnetic field is reoptimized at each point. The magnet currents for the two configurations are different. The magnetic field from the gas distributor configuration results in a decrease in thrust and efficiency when used with the anode band configuration and results in unstable operation. The primary change in the magnetic field is a 3-4 A reduction in the outer coil current and a 1-3 A reduction in the inner coil current. After the initial set of low-voltage data were collected, it became difficult to maintain the current on the anode band without the current level spiking up. The likely reason is that the secondary electron emission from the inconel band material increases as the band temperature rises. This prevented high-voltage operation beyond ∼10 min with the anode band configuration. However, the data are repeatable over the course of several days of testing. After the initial thruster conditioning sequence is completed and the thruster has completely outgassed, the performance of the thruster (such as the discharge current at a given flow rate) is always repeatable, and steady state is reached within 1 min of reaching the optimized magnetic field setting. Figure 13 shows the thrust and T∕P ratio as a function of discharge voltage for the two configurations with the current collected by the gas distributor and the current collected on the embedded anode band. To take into account the reduced magnetic field strength of the anode band configuration, the T∕P ratio is defined as the thrust divided by the sum of the discharge power (discharge current times discharge voltage). Within the experimental uncertainty, no changes in the thrust and T∕P ratio are observed by the use of the anode band. Changes in the thrust data before and after the gas distributor temperature reduction agree with the previous study using an actively cooled anode [5] . Figure 14 illustrates the increase in discharge current I d recorded with the use of the anode band at constant mass flow rate _ m a . 
C. Plume Properties
At each voltage, the thruster plume was characterized with the RPA, emissive probe, and the Faraday probe. Table 2 shows the results of the plume diagnostics. A 10% increase in the peak current density is measured by the Faraday probe when the current is collected by the anode band. This increase in the ion current density is an indication of an increase in propellant use, which is likely a direct consequence of increased propellant residence time. The increase in discharge current for the anode band configuration also supports this conclusion. Figure 15 shows ion current density profiles at 150 V, 5 mg∕s both with and without the use of the anode band. Faraday probes typically overestimate the ion current density at large angles from the thruster centerline due to the presence of low-energy charge exchange (CEX) ions. Shifting the current to the anode band showed no change in the CEX current contribution at high angles, as revealed by the lack of current density change at angles beyond 30 deg; therefore, the increase in the centerline ion current density also corresponds to an increase in the ion beam current. Measurements of the plasma potential and ion loss voltage are slightly lower for the anode band configuration compared with the gas distributor configuration. Figure 16 shows the plasma potential with respect to facility ground versus the discharge voltage.
Ion energy and plasma potential measurements were taken at each test point along that thruster centerline. Figure 17a shows the ion energy distribution function on the thruster centerline at 150 V, 5 mg∕s. The profiles show that the ion energy distribution function broadens when the current is collected on the anode band and the peak significantly decreases. One possible source of a broader ion energy distribution function is an increase in the length of the ionization zone, which results in a larger spread in ion energies, leading to increased plume divergence. However, this has only been observed in configurations in which the current is collected at the rear of the discharge channel. The anode band data in Fig. 17a is not collected in that configuration. Detailed plume divergence data are required to understand the cause of the increase in the width of the ion energy distribution. There is a reduction in the primary ion energy peak of 4.5 V with the use of the anode band. The uncertainty due to the smoothing algorithm in the RPA analysis is estimated to be 1%. The uncertainty in the most probable ion potential is estimated as 50% of the half-width at half-maximum value of the potential peak [25] . This uncertainty varies depending on discharge voltage and has a maximum value of 6.5 V. Figures 17b and 17c show the ion energy distributions at 100 and 125 Vand 5 mg∕s. For the 125 V case, the probable voltage increases by approximately 5.75 V when current is collected by the anode band. This increase in the primary ion energy peak is in agreement with the increase in the T∕P ratio obtained at this condition, as shown in Fig. 13 . At 100 V, a reduction of 6.5 V in the most probable voltage is measured with the use of the anode band compared with when the current is collected by the gas distributor. The 100 V, 5 mg∕s operating condition was the final data point collected during the test series due to difficulty in maintaining the current on the anode band. Table 2 T-140 HET operating conditions and plume properties with and without the use of the anode band Therefore, the 100 V test point is the only one for which the magnetic field is not completely optimized. All other test points are fully optimized. Figure 18 shows the primary ion energy peak and the full-width at half-maximum (FWHM) value for discharge voltages of 100, 125, and 150 V with and without the use of the anode band. The general trends are as expected with both the primary energy peak and the FWHM increasing with voltage.
VI. Discussion

A. Collision Frequency and Electron Mobility
For efficient ionization, the neutral residence time should be much longer than the time between electron-neutral impact ionization collisions. For collisional plasmas, the cross-field electron diffusion coefficient is proportional to the frequency of collisions between electrons and other species in the plasma [26] . Therefore, the electron-neutral, electron-ion, and electron-wall collision frequencies each affect the electron mobility in a HET, which is driven by the electron diffusion coefficient. The temperature of the injected neutrals has a negligible impact on the electron-ion collision frequency, because once a neutral is ionized its behavior is determined largely by its interaction with the local electric field. The flux of the neutral particles in the axial direction is obtained from [27] as
where n n is the neutral density, V n is the neutral velocity, and T n is the temperature of the neutral particles. One result from mass conservation is that if the flow rate is kept constant (such as it is here at 5 mg∕s) the axial flux of neutrals is also constant. Equation (7) thus means that the neutral density is inversely proportional to the square root of the temperature. The electronneutral collision frequency is expressed by
where T e is the electron temperature. We see from Eq. (8) that an increase in the neutral density will increase the neutral-electron collision frequency, because the collision cross section and the electron velocity are essentially independent of the neutral propellant temperature. The neutral density will decrease in the ionization zone, but Eq. (8) is taken to be an overall average over the entire channel length. Based on the projected reduction of the gas distributor face temperature when discharge heating is removed, an increase in the electron-neutral collision frequency of approximately 25% is achieved. The increase in the electron-neutral collision frequency is expected to improve the propellant use, which leads to an increase in the ion current density, as shown in Table 1 . However, the data point to possibly multiple effects from the separation of the current collection site and the gas distributor. An increase in the discharge current with the use of the anode band can be caused by a number of factors, including increased propellant use, increased electron mobility, and an increase in the percentage of doubly charged ions.
The measured increase in beam current and discharge current with the anode band indicates that the thruster uses a larger percentage of the propellant relative to the gas distributor configuration. However, the fact that the thrust did not increase at a constant mass flow rate rules out an increase in propellant use as the only explanation.
Another possibility is a change in electron mobility. Cross-field electron mobility can be viewed as a measure of how many electrons are able to escape the magnetic field in the thruster and strike the anode. It is a major source of efficiency loss at low voltages, as each electron that strikes the anode must be reemitted by the thruster cathode, thus costing power. Given that the physical placement of the anode band is much closer to the Hall current maximum, the electrons have a shorter path to the anode band then to the gas distributor. Therefore, one can expect higher electron mobility effects with the use of the anode band configuration. As stated earlier, the placement of the anode band is based on a balance between maximizing the temperature reduction of the gas distributor and encroaching on the Hall current region. Electron mobility increases manifest as an increase in discharge current with no increase in thrust or beam current. The thrust did not change, and discharge current increased by 6-10% with the anode band, but there is a sizable increase in the beam current as well. Therefore, the electron mobility alone cannot account for the increased discharge current, as the beam current also increased.
Finally, an increase in the level of multiply charged ions is considered, because conditions that tend to increase propellant use, such as ionizing collision frequencies, also increase the likelihood of multiply charged ions. This would result in an increase in thrust, discharge current, and beam current. Because each multiple ion would produce multiple electrons, one expects that the beam and discharge currents would increase at exactly the same rate. Although the discharge current and beam current increase, they are at different rates and the thrust did not increase. The electron temperature is approximately 10% of the discharge voltage, which typically benefits the ionization efficiency for operation above 300 V because the ionization cross section of xenon by electron impact maximizes with electron energy in the range 40-90 eV [13] . The ionization potential is 12 eV from Xe to Xe and 21 eV from Xe to Xe 2 . At the low voltages tested for this study, 100-150 V, an insignificant amount of doubly charged ions is created by the high-energy tail of these Maxwellian electrons. The absence of a peak in the RPA scan at energies above the primary energy peak also provides no evidence of effects from multiply charged ions.
Although the increased electron-neutral collision frequency improves propellant use, causing an increase in the beam current, the greater effect could be enhanced electron mobility and an increase in the electron flux to the anode, leading to the elevated discharge current at flow rate ratios seen in Fig. 14 . It seems likely that a reduction in the electron mobility could be achieved if the anode band is placed further upstream. This would allow the improved propellant use to translate as an increase in thruster efficiency. The broader ion energy distribution seen in Fig. 17a could indicate that the use of the anode band increases the ionization zone length, which results in a larger spread in ion energies, i.e., larger beam FWHM. A longer ionization zone can increase the spread of slow ions, which increase the plume divergence. However, due to the lack of a complete set of Faraday probe scans for these operating conditions, no conclusive statements can be made about the cause for the increase in the width of the ion energy distribution function.
Enhanced electron mobility causes the electrons to better ionize the gas over a greater volume of the discharge channel, leading to an increase in the ionization zone length. If electrons are able to cause ions to be born further downstream in the acceleration zone and in the fringe electric fields, then these ions would produce little or no thrust compared with ones only born in the region of the full plasma potential along the centerline of the channel upstream of the acceleration zone. This would cause the larger beam current without a thrust increase.
B. Neutral Velocity and Wall Effects
To determine the impact of the wall temperature on the neutral velocity, the flow regime of the neutral gas can be determined by the Knudsen number (Kn), given by
where λ is the mean free path of the particles and L is the characteristic length scale. For neutral flow in a Hall thruster, L is typically the width or the length of the discharge channel. A continuum flow is represented by a Knudsen number of less than 0.1, whereas free molecular flow is represented by a Knudsen number of greater than 10. The transitional regime is taken to be at a Knudsen number between 0.1 and 10.
To calculate the Knudsen number, we let L be the length of the channel and calculate the mean free path via Eq. (10):
where n n is the neutral density, σ is the collisional cross section, and 2 p accounts for collisions between two particles of the same Maxwellian-like distribution. The neutral density can be calculated by using Eq. (11):
where f i is the fraction of xenon from the anode that has been ionized at the given location, _ m a is the anode mass flow rate, m is the mass of xenon, and A C is the channel cross-sectional area. To simplify the calculation, we use only Eq. (11) in the regime upstream of where the ionization zone resides and assume f i 0.
The Knudsen number ranges from 0.55 without the anode band and 0.34 with the anode band in the area immediately in front of the gas distributor, which means the flow regime there is transitional. Because density measurements taken inside a Hall thruster show that the neutral density is reduced by about two orders of magnitude due to ionization in the downstream half of the channel, we can deduce that the flow regime becomes free molecular near the exit plane [28] .
In the free-molecular limit, the neutrals only collide with the chamber wall. Because neutral xenon has a very high accommodation factor when striking the boron nitride wall [29] , they will leave 536 MARTINEZ AND WALKER at approximately the same energy as the location of impact on the wall. Let the aspect ratio of the discharge channel be defined as the channel length divided by channel width. The fraction of the neutral xenon that undergoes no collisions before exiting the thruster is 16% for a channel aspect ratio of 2 (corresponding to the T-140 HET). This number can be calculated by assuming the particles radiate out from the gas distributor in a semicircular manner. All other particles will interact with the wall before exiting the discharge channel. Assuming the extreme case in which these interacting particles all thermalize with the wall, they will all exit the channel with roughly the same temperature and bulk velocity, whereas the particles that do not interact will exit at anode temperature and their initial velocities.
Discharge chamber temperature data at thruster conditions similar to the ones tested for this study have shown peak wall temperatures in excess of 770 K [30] . Given that the use of the anode band results in a gas distributor exit plane temperature of less than 575 K for all the operating points tested, heating of the neutral propellant from impact with the wall will increase the neutral velocity by as much as 25% compared with the velocity at the gas distributor exit plane. Because the wall temperature increases downstream of the gas distributor, the neutral velocity will correspondingly increase as well. Given that the flow is transitional in the upstream half of the channel, the wall temperature likely plays a nonnegligible role in accelerating the neutral particles, as measured by several researchers [30] [31] [32] .
The initial reduction in the neutral velocity through the use of the anode band is partially counteracted by the high temperature of the walls, which cause the neutrals to accelerate downstream of the gas distributor. The nearly identical thrust between the anode and gas distributor configurations agrees with recent data of a modified HET with a similar current collecting anode band [33] . An active cooling system to reduce the temperature of the discharge channel walls may be necessary to fully capitalize on the reduction in neutral velocity at the gas distributor from the use of the anode band. In addition, placement of the magnetic field peak, which has been predicted to correlate with maximum wall temperature, slightly downstream of the channel exit plane could allow for reduced peak wall temperatures and sustain a larger propellant residence time throughout the discharge chamber [34] . For reference, the T-140 HET has the magnetic field peak at the channel exit plane.
Were it not for the wall effects, the total thruster efficiency would be estimated to increase by approximately 5.5%. However, with the majority of the neutrals colliding with the wall before exiting the thruster, an efficiency improvement of no more than 2.5% is expected due to acceleration of the neutrals upon leaving the gas distributor. The enhanced electron mobility likely eliminates this improvement, resulting in the negligible change in efficiency and the thrust-topower ratio when collecting the discharge current on the anode band instead of the gas distributor.
C. Ionization Zone Length
The impact of the ionization zone length on propellant use is studied specifically through the use of the RPA probe. Reference [35] reports that elevated neutral temperature will lengthen the ionization zone and decrease the amplitude of the breathing mode oscillation. The expected opposite scenario is that that a reduction in the neutral temperature would decrease the ionization zone and possibly increase the amplitude of the breathing mode oscillations. During testing of the T-140 HET, increased levels of discharge current oscillations are noticed through visual observations of the power supply discharge current readout when using the anode band. Measurements of the discharge current oscillations are not recorded. However, a reduction in the neutral temperature does not lead to the expected contraction of the ionization zone based on RPA measurements.
The dispersion efficiency characterizes the effect of the spread in ion velocities in the Hall thruster plume and is expressed as [36] 
where hV i i is the average ion velocity. Examples of the spread in ion energy per charge on the thruster centerline are shown in Fig. 17 . The dispersion efficiency can be characterized by the FWHM of the ion voltage distribution, allowing for the observation of the relative variation of this efficiency term. In other words, the energy loss is mainly a combination of spread in the energy-per-charge distribution function (the dispersion efficiency) and can be evaluated quantifiably by studying the trends in the FWHM of the ion voltage distribution. As shown in Fig. 18 , use of the anode band results in a rapid rise in the FWHM above 125 V, whereas it tends to stay nearly constant when current is collected on the gas distributor. This behavior more than counteracts the impact of any reduction of the voltage loss term due to the use of the anode band. The 100 V case is never fully stable. Numerical modeling shows that as the voltage is reduced the ionization region expands, which causes a reduction in the propellant use [37, 38] . The 150 V case is significantly more affected by the rise in the FWHM than the lower voltages. A larger FWHM of the ion voltage distribution leads to a wider ionization region, which reduces propellant use [39, 40] . A wider ionization zone increases the spread of ion energies, including slow ions, which can enlarge the plume divergence and reduce thruster efficiency and lifetime due to increased wall losses. This could help explain the decrease in the anode efficiency seen in the actively cooled anode configuration tests performed above 150 V in [5] . Incorporating a magnetic field profile with a steeper axial gradient of the radial magnetic field than the one used for the T-140 HET could counteract these wall losses [13] .
Another indication of the change in the ionization zone and possibly the acceleration zone is the reduction in the plasma potential shown in Fig. 16 for the anode band configuration. Hofer and Gallimore report a similar drop in the plasma potential corresponding to a decrease in the magnetic field of 5-10% of the peak at the exit plane, which matches the level of reduction seen when shifting the current to the anode band [23] . However, the change in the plasma potential and optimum magnetic field for the anode band could be a result of a shift in the ionization and acceleration zones due to the physical location of the anode band. The acceleration region is the axial length where the majority of the potential drop occurs and ions are accelerated by the electric field. Raitses et. al. reports that the plasma potential shifts upstream with the presence of a graphite anode band, indicating a shift of the ionization and acceleration region as well [41] . This change is attributed to a lower secondary electron emission compared with the BN channel, which alters the electron temperature. The presence of a conductive layer on the opposite wall from the anode band location is confirmed with an ohm meter. In other words, the band material was sputtered onto the opposite wall, increasing the extent of the channel surface with a lower secondary electron emission coefficient. The inconel material used for the anode band also has a lower secondary electron emission compared with the BN, but the extent of the shift in the ionization and acceleration zones requires further investigation to better quantify the interactions. It was thought that the placement of the single anode band on the outer wall outside the bulk Hall current region and upstream of the maximum magnetic field strength would eliminate any perturbations of the plasma. However, the changes in the required optimum magnetic field strength represent a small disturbance caused by the anode band location, which reduces the plasma potential.
VII. Conclusions
The primary heating mechanism for the Hall-effect thruster gas distributor is removed by collecting the discharge current on a separate anode band placed downstream of the gas distributor. The physics governing the relationship between anode temperature and ionization fraction seems to be a combination of competing effects involving propellant use, electron mobility, and wall thermalization. Each thruster operating condition reveals a 10% increase in peak ion current density when using the anode band to collect the current instead of the gas distributor. The reduction in neutral velocity yields an increase in neutral number density, which increases the electronneutral collision frequency. However, one result is enhanced electron mobility, which leads to an increased electron flux to the anode band consistent with the elevated discharge current to flow rate ratio. The larger discharge current is due to the placement of the anode band being physically much closer to the maximum Hall current region, which provides a shorter path to the positive electrode for the electrons in comparison with the anode/gas distributor configuration. Perhaps a different anode band position relative to the Hall current could alleviate this issue by reducing the electron mobility and preventing ions from being born downstream of the acceleration zone or in the fringe electric fields. This may lead to the higher T∕P ratio one would expect from the measured increase in beam current.
Retarding potential analyzer measurements suggest that the ionization zone may start closer to the gas distributor when the discharge current is collected on the anode band for voltages above 125 V, which leads to larger wall losses. However, at voltages below 125 V, the experimental data suggest that the predicted efficiency increase due to the reduction in the neutral velocity is partially counteracted by wall thermalization that occurs as the neutrals move further downstream. With the reduction in gas distributor temperature and therefore the injection of lower velocity neutrals relative to those exiting the gas distributor without the use of the anode band, the chamber wall could play a dominant role in neutral flow dynamics by heating up the bulk of the neutral population. Thus, increasing propellant residence time for the length of the channel upstream of the acceleration zone may require a reduction in the temperature of both the gas distributor and the walls.
